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lial cell-derived trophic support to retain their neurogenic
potential.

13 Claims, 27 Drawing Sheets



U.S. Patent Mar. 8, 2011 Sheet 1 of 27 US 7,901,936 B2

i3
.

Je—transwell insert

2]

FIGURE 1A



U.S. Patent Mar. 8, 2011 Sheet 2 of 27 US 7,901,936 B2

FIGURE 1B



U.S. Patent Mar. 8, 2011 Sheet 3 of 27 US 7,901,936 B2

FIGURE 1C



U.S. Patent Mar. 8, 2011 Sheet 4 of 27 US 7,901,936 B2

Nestin

% - PERLUPRE M - WL T L S LG L T er

'
Sl Tor e woun el e e L e e T -=-i=—-l-|'—'-';'_.:'.l-
B

i

b N

e E) L P

FIGURE 1D



U.S. Patent Mar. 8, 2011 Sheet 5 of 27 US 7,901,936 B2

30%
mCTX

,_ | BPAE
29% ; . 0D MbEND

o
g

Frequency
&

3

2

:
:
:
:

11 1

: <

i o : ]

= 4 :

% i 2

l #

£ ; ; =

b2 ¥

g 3

i &

Y ::":_

£ X s r g,

£ ¢ £ : i
; 7 2 £l
- ot 2=,
5 ¥
g Z g7
g * ' pod
3 i braiad
x 3 - o
] . Irrr

o ¢ : -f‘_
- Z : o e
o oy . e
3 S :g: : ' s

w5 S U . ; i
i . % : n : ; ’;_;5

- ¥ : : e : ; L

20 40 €0 80 100 140 180 220 260 300
clone size

6% :

FIGURE 1E



U.S. Patent Mar. 8, 2011 Sheet 6 of 27 US 7,901,936 B2

160
130
120
100 -

Mean clone size

CTX BPAE MbEND HiH3ITI VS8

FIGURE 1F



U.S. Patent Mar. 8, 2011 Sheet 7 of 27 US 7,901,936 B2

Q

S

o CTX
Q % B BPAE
QO 100%

- _

O %*

O BN

-

T

o

2 0%

3

o

=

F7; 0% -

o 2

a

<

Nestin

FIGURE 1G



VI 1A(1D1A

US 7,901,936 B2

7 .Q—.Q S _wﬁ / +
dv+49 pue 0 10} uie}s S——
= 11d _E:_
S qni-g 103 ureys SABP v+
=

U.S. Patent

LO

Sliomsuel] 8A0WS)

1l e

........................................

:
I.-

e e
(- e g ROV I,
! ] Y .Hu o T L.-|“” ||||||

.....................




US 7,901,936 B2

Sheet 9 of 27

Mar. 8, 2011

U.S. Patent

FIGURE 2B



U.S. Patent Mar. 8, 2011 Sheet 10 of 27 US 7,901,936 B2

L0 1] 22 TG P = 111 L 1) 11 1t TR R TR I G TP .. L TR UM - ¢ SRR,
o . - - ) .__ ::' 1: .:.'- . . - . = . i .'l|. - I . _ . _:

M-FSHGIE

FIGURE 2C



U.S. Patent Mar. 8, 2011 Sheet 11 of 27 US 7,901,936 B2

DA%  $3.00% 2030% BDWEDX RSN SOTO%
% of nourons per clone

FIGURE 2D



U.S. Patent Mar. 8, 2011 Sheet 12 of 27 US 7,901,936 B2

m

% of positive cells per stem cell cione
: ;

gCTx
M BPAE

2

40%% +

3
z

o
&

o
R

%btudb

FIGURE 2E



U.S. Patent

Mar. 8, 2011

3.5%
3.0%
2.5%
2.0%

1.0%
00%

% 0ot neurons per clone

4ia% b

BPAE MbLEND CTX

Sheet 13 of 27

e
.......

o -
aaaaaaaaaaaaaa

i R

FIGURE 2F

US 7,901,936 B2



U.S. Patent Mar. 8, 2011 Sheet 14 of 27 US 7,901,936 B2

E15.56 NS
0% B BPAE
' B CTX
25%1 [ £ Sorum
 § L Forskolin
20% 4| B NIN3T

15% { S

10% 4]

% of neurons per clone

s% {

FIGURE 2G



U.S. Patent

Mar. 8, 2011

% of neurons per clone L
2

Adult SVZ

# control

i
..............
e
||||||||

S

AL i
mrleeenhs I - -

FIGURE 2H

Sheet 15 of 27

[ MbEND

US 7,901,936 B2



US 7,901,936 B2

Sheet 16 of 27

Mar. 8, 2011

U.S. Patent

qni-

d avo

FIGURE 3A



US 7,901,936 B2

Sheet 17 of 27

Mar. 8, 2011

U.S. Patent

dt HANIIA

auo}d 1ad +|iq | 3iam ey}l SUOIN3U JO 9, auo0}o 1ad +(YyD) 2JoM JBY) SUOINAU JO 94
%00L°06 KOS %07 %0E 414 %0b

II.

%OL0I %S WS WOr K0T %O WL %0
%0 —

L,

R

e -
!

%01

oo
LA

%0
W
m
_
|

- ‘- T e - [T Y N
——— - = e B R R e ) e e gy B rere P Bl
- . - L - - N
Fa - Iy
- . " 1
Wt .

%0¢C

%0¢%

A;ue;;bejﬂ

- %0

%0S

%09




US 7,901,936 B2

Sheet 18 of 27

Mar. 8, 2011

U.S. Patent

S iEme R

=i uhifts




dy 441914

US 7,901,936 B2

3
~ e 2 &
N 0 - o
o 3 | . 0O —
P | LR | - Q .
™ 0b = _ %t O =
o ) |l %oz @ @ a.
h ON M S d M E
7 ~ T 0 = <
ST - = <
O %0 W e
. O B 9
ot o ®C 3 e =
— 3 wor o 3 s
I~ op == A -
n oy - - %001
0 sv | mog &
Wa 3Vd

auo|

U.S. Patent



US 7,901,936 B2

Sheet 20 of 27

Mar. 8, 2011

U.S. Patent

after

IS

6 h

RN L

SR

e ke s el e s = &
=no

HEL PR S

-
==

S

A e L

v

| 103qIyul BBl

FIGURE 4C



U.S. Patent Mar. 8, 2011 Sheet 21 of 27 US 7,901,936 B2

D, s

BPAE + DMSO
W BPAE + inhibitor
(ICTX + DMSO
CTX + tnhibitor

.......

60%

- 40% ,,,,,,,

.......
.......

ve cells/clone

________

rrrrr

rrrrr
rrrrr
C feanrayy '
|||||

N
ﬁg
a“.

It

e Qe
b

e,
::::

hhhhhhhh
'''''''''''''

s

Tfa-m- -
- TLERS o
- T R il
p TR I
N LN IR .
H 3
e

ulin

-'
-

% of positi

FIGURE 4D



U.S. Patent Mar. 8, 2011 Sheet 22 of 27 US 7,901,936 B2

FIGURE 4E



US 7,901,936 B2

Sheet 23 of 27

Mar. 8, 2011

U.S. Patent

mr o m e

R R

.
=T

]

el !
ik
et

II
"
a

il

oL -E
FamE i
-l A

RN N PR S TR

-2 -pli

[

;e

i

hy

Pt R

B .u....

Mk e

RSN
. or .- -

e e ! ' ' A
. o u e : : - . 0 ' Y "

i ..r................r...u_........r“r...,..-m_u.r. . . . 1 ; L o ..m..mu..".”._."r...!
A0 WEVE WY TR 3 . 7 taril O e, , 21 . ¥ bl th




US 7,901,936 B2

Sheet 24 of 27

Mar. 8, 2011

U.S. Patent

PR AP W AN AL A PO AP A o

- .
L]
" *

s
=k

't'h.' B

o
[
I-..

o

RS

s e kel
gy N

EREE

o

ot

FF

rild

it

T
I
o
q.ﬂl:-'_.r ’a

s
=

=
w

[ o ﬁﬂw . 1-n.....-..1....1..n. ﬁ_....m_........._..... .-.....-.
o : .w.n b

=

Ll Pt -
. - -ﬂ X b v y E . ¥ "
a ] 2 " = - s by Tl 4 Y .". .
- i i vl
o ' L ke - -—— -_n. " .
= L i ph .
.
. [l
- -I - L
!
o kL - "
2 i % i
- gk k) - = Wy
A g, - -8 = = .-
i i by, " R iy KL, 3 i A, T " or K ey T
T T o e -, Faann o e L

[ = i g
i i - i
[ H O ".
) ' 2] o
. " o 3 .“ : i
= ..... i o] il = E . ' S -
e b L i M)
2 T o T r T -
. ' f = - -, Hal ™
v h FLh = M»_.. = L
. : b ' * gl "t ’ F ; :n.rqwf L
W ! = n - ik o ol L X - 1
? '
: o
Ry B il iy
: .
' [ 1 n.w
A A
[ Py - )
= £
e :
P i, "
: 5 [ =
. . s e ot B
B 3 HEE % . - ;
. ¥ .




U.S. Patent Mar. 8, 2011 Sheet 25 of 27 US 7,901,936 B2

1L

g
3

FIGURE 7A



U.S. Patent Mar. 8, 2011 Sheet 26 of 27 US 7,901,936 B2

BPAE
120% w BPAE+FBS
o BPAE+Forskolin
o BPAE+RA

100%

S
£

A

BPAELE coculture
S
s

E

20%

0%

% ofncurons perstom cellclone refative to

FIGURE 7B



U.S. Patent Mar. 8, 2011 Sheet 27 of 27 US 7,901,936 B2

FIGURE 8



US 7,901,936 B2

1

METHOD FOR STIMULATING
SELF-RENEWAL OF NEURAL STEM CELLS
AND ENHANCING NEUROGENESIS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority from U.S. Ser. No. 60/557,

870 filed Mar. 31, 2004, the disclosure of which 1s hereby
incorporated by reference 1n its entirety.

STATEMENT OF RIGHTS UNDER FEDERALLY
SPONSORED RESEARCH

This invention was made with government support under
grant number R37 NS033529-09 awarded by the NINDS of
the National Institutes of Health. The government has certain
rights in the invention.

FIELD OF THE INVENTION

The present invention generally relates to a method for
promoting self-renewal of neural stem cells and enhancing
neurogenesis. More significantly, the invention provides a
method for the proliferation of a stem cell population that
retains 1ts developmental capacity to differentiate into a spe-

cific cell type.

BACKGROUND OF THE INVENTION

During embryogenesis, the developmental potential of
individual cells 1s continuously restricted. During CNS devel-
opment, neurogenesis largely precedes gliogenesis. Isolated
stem cells from the embryonic mouse cerebral cortex, for
example, exhibit a distinct order of cell-type production: neu-
roblasts first and glioblasts later. This 1s accompanied by
changes 1n their capacity to make neurons versus glia. Thus,
multipotent stem cells alter their properties over time and
undergo distinct phases of development that play a key role in
scheduling production of diverse CNS cells.

Current methods of culturing neural stem cells result in
poor self-renewal and limited neuron production, particularly
projection neurons. What 1s needed 1s a culture system that
could provide an almost unlimited source of neural stem cells
having a specific developmental capacity for cell-replace-
ment strategies.

Stem cell expansion and differentiation are regulated 1n
vivo by environmental factors encountered in the stem cell
niche (1). In the adult, neural stem cells lie close to blood
vessels: 1 the hippocampus (2), the subventricular zone
(SVZ) (3), and the songbird higher vocal center (4). In the
developing central nervous system (CNS), ventricular zone
cells produce vascular endothelial growth factor (VEGF),
which attracts vessel growth towards them (5). Thus, vascular
cells are close to CNS germinal zones throughout life, and 1t
has been suggested that they form a niche for neural stem cells

(2).

il

SUMMARY OF THE INVENTION

In one aspect, the invention relates to a method for expand-
ing a population of stem cells that retain their capacity to
differentiate into neurons, the method comprising the steps of
obtaining an original population of stem cells having a par-
ticular developmental capacity and culturing the stem cells in
the presence of a trophic support, such as vascular endothelial
cells or a conditioned media from a vascular endothelial cell
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2

culture, in an amount sufficient to stimulate self-renewal of
the stem cells. The endothelial cells may be cultured non-
contiguously from the stem cell population, that 1s, not 1n
contact but allowing for soluble factors produced by the
endothelial cells to come into contact with the stem cells. The
resulting expanded population of stem cells retains the devel-
opmental capacity of the stem cells.

In one aspect of the invention the stem cells are embryonic
stem cells. The endothelial cells may be derived from a pri-
mary culture or may be a cell line. In one embodiment of the
invention, the endothelial cells are pulmonary artery endot-
helial cells. In an alternate embodiment, the endothelial cells
are dertved from brain tissue.

In another aspect, the mvention relates to a method for
promoting the self-renewal of neural stem cells and enhanc-
ing neurogenesis. The method promotes both proliferation of
the neural stem cells and more importantly, retention of their
developmental capacity to differentiate into neurons. A
method for enhancing neurogenesis comprises the steps of 1)
obtaining a population of neural stem cells having a develop-
mental capacity to diflerentiate into neurons; 2) culturing the
stem cells 1n the presence of a trophic support selected from
the group consisting of a) vascular endothelial cells and b)
conditioned media from a vascular endothelial cell culture, 1n
an amount sufficient to stimulate self-renewal of the neural
stem cells. The method comprises the further step of remov-
ing the trophic support after expansion of the population has
been achieved, so that the expanded population of neural stem

cells can differentiate into neurons, including projection neu-
rons as well as mterneurons.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A 1s a schematic representation of one embodiment
of a co-culture system employed in practicing the method of
the present invention.

FIGS. 1B-D. are photomicrographs illustrating the effect
of co-culture of cortical stem cells with endothelial cells as
compared to co-culture with cortical cells.

FIGS. 1E-G are bar graphs showing the effect of endothe-
l1al cell co-culture on clone size, frequency of larger clones
and percentage of neural progenitor cells.

FIG. 2A1s a schematic representation of removal of trophic
support from the co-culture system to allow differentiation of
stem cells.

FIGS. 2B-G show the effect on various parameters of E10-
11 cortical stem cells co-cultured with endothelial cells
(Endo) vs. co-culture with cortical cells (CTX).

FIG. 3A are photomicrographs showing the distribution of
GAD (cytoplasmic marker), Thrl (nuclear marker) and [3-tu-
bulin-III 1n endothelial expanded E10 stem cell clones.

FIG. 3B contains histograms showing frequency of GAD™
and Tbr1™ neurons 1n stem cell clones.

FIG. 4A 1s a comparison between typical lincage trees
reconstructed from time-lapse video recordings of single E10
cortical stem cells grown with endothelial cells (Endo), and
those grown 1n control conditions.

FIG. 4B 1s a graph showing that [3-catenin staining 1s sig-
nificantly decreased and p-tubulin-II1I staining 1s significantly
increased 1n BPAE co-culture clones that were treated with
v-secretase 1mhibitor 11 for 6 hours.

FIG. 4C 1s an RT-PCR gel showing that endothelial cell
co-culture stimulates Notch and Hes1 activity.

FIG. 5 are histological sections showing that CD31™ endot-
helial cells are prominent 1n germinal zones 1n the developing
telencephalon.
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FIG. 6 1s a comparison of clonal growth when E10-E11
cortical cells are co-cultured with endothelial cells or cortical

cells.

FIG. 7A shows the results of a double staiming technique
using BrdU and 3-tubulin-III 1n endothelial vs. cortical cell-
cocultures.

FIG. 7B 1s a bar graph showing the etiect of the addition of
serum, forskolin or retinoic acid on neuron production of
E10-11 cortical stem cells grown with endothelial feeder
cells. B. The percentage neurons per E135.5 cortical neuro-
sphere after differentiation with addition of serum or forsko-
lin.

FI1G. 8 are photomicrographs showing the effect of LIF and
VEGF on stem cell culture.

DETAILED DESCRIPTION OF THE INVENTION

All patents, applications, publications and other references
listed herein are hereby incorporated by reference in their
entirety. In the description that follows, certain conventions
will be followed as regards the usage of terminology.

The term “stem cell” as 1t 1s known and used 1n the art refers
to an undifferentiated cell having the ability to proliferate and
self-renew and ultimately being able to differentiate into a
specific cell type, for example, a neuron.

The term “neural stem cell” refers to an undifferentiated
cell derived from the nervous system having the ability to
proliferate and self-renew and ultimately being able to ditter-
entiate 1to a one of the cells of the nervous system, for
example, a neuron.

The term “trophic support” refers to a source of exogenous
trophic factors and includes without limitation, a cell co-
culture which secretes trophic factors, a conditioned medium
obtained from a cell culture that secretes trophic factors or a
cocktail of punified trophic factors.

Neural stem cells can be used for transplantation nto a
heterologous, autologous or xenogeneic host. Neural stem
cells are 1solated from nervous system tissue in accordance
with methods known to those of skill in the art and may be
obtained from embryonic, post-natal, juvenile or adult neural
tissue from human or non-human mammals. The desired
resulting cell type, for example, neurons, will determine the
developmental stage of the tissue from which the stem cells
will be 1solated. So for example, to enhance the number of
neurons obtained from an expanded stem cell population, the
stem cells to be expanded will be obtained from tissue that 1s
at the optimal developmental stage for neuronal differentia-

tion (for example, E10-11 in the mouse.)
The stem cells are then co-cultured with endothelial cells
or are cultured 1n a conditioned medium obtained from an
endothelial cell culture. Cells may be passaged indefimitely or
stored frozen 1n accordance with methods known 1n the art.
To examine a possible functional interaction between neu-
ral stem cells and their vascular environment, we co-cultured
neural and vascular cells (FIG. 1A). Neural stem cells from
E10-11 mouse cerebral cortex were plated at clonal density
on the base of culture wells, while the upper compartment,
formed by the msertion of a TRANSWELL® permeable
membrane 1sert mnto the well, was seeded with purified vas-
cular-associated or other feeder cells: primary bovine pulmo-
nary artery endothelial cells (BPAE), a mouse brain endothe-
lial cell line (MbEND)), vascular smooth muscle (VSM) cells,
NIH3T3 fibroblasts, or as a control, high density, age-
matched cortical cells (CTX). FIG. 1B shows that CD31
stains endothelial cells 1n the permeable membrane inserts
(upper panel), but no CD317 cells are detected below 1n the
cortical cell compartment (lower panel). Thus, CD31" (PE-
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CAM) endothelial cells were never found 1n the lower com-
partment when BPAE or MbEND cells were plated in the
upper compartment, confirming that the feeder cells cannot
migrate through the 0.4 um diameter membrane pores.

As expected (6), embryonic stem cell clones co-cultured
with CTX began producing neurons within a day. Most neu-
ron production was over by 7 days, and growth after this time
was largely 1n glial lineages. Clones co-cultured with BPAE
or MbEND cells behaved differently (FIG. 1D), growing into
sheets of largely flattened progeny that maintained tight cell-
cell contact, illustrated by strong junctional {3-catenin stain-
ing (FIG. 1C), with only a few immature, neuron-like cells
appearing on top of the sheets. Neural stem cell clones grown
with endothelial cells were larger, with more primitive prog-
eny (expressing the progenitor markers Nestin and LeX (20),
and fewer neurons (expressing [(-tubulin-III) than were
clones grown with CTX (FIG. 1 D-G). Hence, endothelial
factors facilitate expansion of cortical stem cell clones and
inhibit their differentiation. VSM and NIH3T3 cells also pro-
moted neural stem cell proliferation (FIG. 1F), but clones
were less cohesive and included more glial-like progeny than
those 1n endothelial co-culture.

When the permeable membrane inserts were removed,
endothelial-expanded stem cell clones continued to prolifer-
ate but also began to differentiate, and within 4 days produced
B-tubulin-III" neurons (FIG. 2B), which were almost all
MAP-2%. Approximately 30% of the neurons had acquired
the later neuronal marker NeuN (data not shown). The clones
contained up to approximately 10,000 progeny, and on aver-
age 31% were neurons. In contrast, 1 control CTX co-cul-
tures 4 days after removal of the permeable membrane inserts,
stem cell clones ranged up to 4350 cells, and on average only
9% were neurons; similarly, E11 cortical cells cultured as
neurospheres for 7 days then differentiated 1n adherent cul-
ture for 4 days produced only 7% neurons. Many more stem
cell clones growing in BPAE co-cultures contained a higher
percentage ol neurons, up to 64%, compared to CTX co-
culture (FIG. 2D, E), and neuron production was prolonged.
Increased neurogenesis from endothelial co-cultured neural
stem cells does not occur at the expense of gliogenesis: the
percentage of GFAP™ astrocytes generated was similar, and
although oligodendrocyte differentiation (indicated by O4
staining) was reduced in BPAE co-cultures compared to
CTX, the difference could not account for the enhancement of
neuron generation (FI1G. 2C, E). NIH3T3 cells enhanced oli-
godendrocyte generation. Co-culture with VSM or NIH3T3
cells reduced neurogenesis compared to CTX (FIG. 2E),
showing that the endothelial effect 1s cell-type specific.

Endothelial cells stimulate proliferation and neurogenesis
ol neural stem cells from a variety of embryonic CNS regions
(not shown) and from different stages. E15.5 cortical and
adult SVZ stem cells grown 1n endothelial co-culture gener-
ated sheets of LeX™, Nestin® cells. After differentiation,
E15.5 endothelhal-expanded cortical cells and adult SVZ cells
produce more neurons compared to control (FIG. 2F, 2H).

Neurosphere-expanded stem cells respond to endothelial
factors. E15.5 cortical cells grown as neurospheres in FGF2
for 7 days were plated in adherent conditions and co-cultured
for 3 days with endothelial cells or with age-matched cortical
cells, then differentiated by withdrawing feeder cells for 4
days. Stem cells exposed to endothelial factors produced 22%
neurons, compared to 2% neurons 1n control CTX co-cultures
(FI1G. 2G).

In vivo, most projection neurons are born in the early
embryonic period, while glia and interneurons arise later;
adult stem cells are primed to generate interneurons (24,25).
To examine the neuron sub-types generated from E10-11
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cortical stem cells expanded 1n endothelial co-culture, differ-
entiated clones were stained for GAD67, a GABAergic
marker typically expressed 1n interneurons, or Tbrl, an early
pyramidal neuron marker that preferentially labels projection
neurons (26) (FIG. 3A). More stem cell clones growing in 3
BPAE co-culture made Tbrl™ projection neurons, compared

to C'TX co-culture (FI1G. 3B) or to neurosphere-expanded E10
cells that were subsequently differentiated in adherent culture
(9.95% versus 2.41%). Thus, endothelial cell co-culture sup-
ports development of both projection neurons and interneu- 10
rons.

Thatprojection neurons typical of the early embryo arise in
E10-11 co-cultures after many cell divisions suggests that
endothelial factors promote stem cell self-renewal, and
inhibit the normal progression in which older stem cells pret- 15
erentially produce glia or interneurons. We found few Tbrl +
neurons produced from E13.5 stem cells and none from adult
SVZ cells, indicating that endothelial factors are permissive,
not mstructive, for this fate: they cannot reverse the restric-
tion. 20

Supporting the hypothesis that endothelial factors promote
stem cell self-renewal, time-lapse video recording of dividing
clones reveals that stem cells grown with endothelial cells
undergo symmetric, proliferative divisions generating Nes-
tin™ progeny, in contrast to the asymmetric division patterns 25
seen 1n control conditions (23,27) (FI1G. 4A). Cortical stem
cells co-cultured with endothelial cells for 4 days generated
more secondary stem cell clones, neurospheres and neuron-
generating progenitor cells than did those co-cultured with
CTX cells. 30

The most obvious effect of endothelial factors 1s that they
promote neural stem cell growth as epithelial sheets with
extensive junctional contacts (FIG. 1C), which could promote
self-renewal by influencing {3-catemin signaling pathways
(28,29), mode of cell division (30), and maintaining Notch 35
activation (31). Indeed, stem cells co-cultured with endothe-
l1al cells and then exposed to y-secretase inhibitor 11, which
inhibits Notchl activation (32), showed similar extent of cell-
cell contact, division and differentiation to those in CTX
co-cultures (FIG. 4B). In neural stem cells cultured with 40
endothelial factors the Notch effector Hes1 was up-regulated
but Hes5 was not (FIG. 4C), consistent with mvolvement of
Hes1 1n neural stem cell self-renewal (33, 34).

Our results 1dentily endothelial cells as critical compo-
nents of the neural stem cell niche, as they secrete soluble 45
factors that maintain CNS stem cell self-renewal and neuro-
genic potential. Thus, while FGF2 promotes neural stem cell
proliferation, 1t cannot alone maintain their self-renewal;
endothelial factors acting with FGEF2 accomplish this.

In the presence of endothelial cells, a neural stem cell so
undergoes symmetric, proliferative divisions to produce
undifferentiated stem cell sheets that maintain their multipo-
tency and upon endothelial cell removal generate neurons as
well as astrocytes and oligodendrocytes. No CD317 cells
were detected 1n clones, showing that, at least under these 55
circumstances, neural stem cells do not generate endothelial
progeny.

Growth with endothelial cell-denived factors may be an
important tool for promoting neural stem cell self-renewal
and neurogenesis, allowing efficient production of neural 60
stem cells and a varniety of CNS neurons for use 1n replace-
ment therapies.

Cell Culture

Embryonic cerebral cortices and adult SVZ were dissected
and dissociated as described (18-20). Single cells were plated 65
into poly-l-lysine-coated 6-well plates (Costar) at clonal den-
sity (2000-4000 cells/well) and cultured 1n basal serum-iree

6

medium consisting of DMEM, B27, N2, NAC and 10 ng/ml
FGF2 (19,20). To test the efiects of soluble growth factors
(PDGE, CNTF, TGFf3, IGF1, IL1, IL6, G-CSE, M-CSF, GM-
CSE, LIE, BDNF, Steel factor, VEGF or EGF), each factor
was added to serum-iree medium with FGF2 at a range of
10-30 ng/ml, and clonal growth (cell number and generation
of neurons and glia) was assessed (without co-cultured feeder
cells). LIF and VEGF were also tested in combination, each
added at 10 ng/ml 1nto serum-free medium, with and without
FGF2.

For co-culture experiments, bovine pulmonary artery
endothelial (BPAE) cells (VEC Technologies INC., ATCC,
#(CCL-209) or mouse brain endothelial cells (ATCC, #CRL-
2299)(4) were used at passage 14-16. Three days before co-
culturing with cortical cells, endothelial cells were plated into
24 mm TRANSWELL® permeable membrane 1nserts (Cos-
tar) at 2000 cells/well, in DMEM with 10% FBS. Four hours
before use, the inserts were well rinsed and transferred to
serum-iree medium containing 10 ng/ml FGF2. For control
conditions, NIH3T3 fibroblasts, vascular smooth muscle
(VSM) cells or cortical cells were plated in the inserts at the
same density and grown in the same manner as endothelial
cells.
The inserts were placed above freshly plated neural stem
cells, and the cultures fed every two days with serum free
medium. To differentiate the clones, the inserts were removed
and the cells cultured for 4 or 7 days, 1n some experiments
with removal of FGF2 and/or addition of 1% FBS, 5 uM
forskolin, or 1 uM retinoic acid.

Adult forebrain SVZ stem cells were grown 1n adherent
culture with endothelial co-culture for 7 days, and for a fur-
ther 7 days after removal of the inserts.

Neurosphere Culture and Differentiation

Cortical cells were plated at a density of 2000 cells/well
into non-coated 6-well plates in DMEM, B27, N2, NAC and
20 ng/ml FGF for 7 days to generate neurospheres.

E10-E11 neurospheres were transierred to PLL-coated
plates 1n medium without mitogen and cultured for 7 days
betore fixation and staining for 3-tubulin-III and Thrl. The
percentages of B-tubulin-III" neurons per neurosphere and of
Thbrl™ neurons were calculated for comparison with endothe-
l1al co-cultured adherent E10-E11 cortical stem cell clones.

E15.5 neurospheres were transferred to PLL-coated 6-well
plates and co-cultured with BPAE, CTX or NIH3T3 feeder
cells 1n permeable membrane 1nserts for 3 days, or without
teeder cells but with added 1% FBS, or 5 uM forskolin.
Differentiation of feeder co-cultures was stimulated by
removal of inserts and growth factors for a further 4 days.
Cultures were then fixed and stained for 3-tubulin-III.
Sub-Cloning to Analyse Self-Renewal and Neurogenic
Potential of Stem Cell Clones

E10-11 cortical stem cells were cultured for 4 days in either
endothelial or CTX co-culture then removed from the wells
using trypsin. A sample of each single cell suspension was
plated into non-adherent conditions at 1000 cells/well 1n
6-well plates and allowed to grow into neurospheres that were
counted after 7 days in vitro. The remaining single cells were
replated at clonal density in PLL-coated 6-well plates in
serum-iree medium with 10 ng/ml FGF2 and allowed to grow
for 5 days. The clones were then fixed and stained, and total
progeny and number of 3-tubulin-III" neuronal progeny were
calculated.

Long-Term Time-Lapse Microscopy

Time-lapse video 1mages (18) of E10 cortical clones were
recorded for 3-4 days, then the clones were fixed and stained
for Nestin and 3-tubulin-111. Lineage trees were reconstructed
from the recorded cell divisions. The appearance of identified
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individual progeny was mapped within the lineage trees. This
showed the birth of neurons and progenitor cells during clonal
development.
Immunostaining

Cells were fixed 1n 4% paraformaldehyde 1n 0.1M PBS.
Primary antibodies were used at the following concentra-
tions: Nestin, 1:4 (Development Studies Hybridoma Bank);
LeX, 1:20 (Becton Dickinson, CD15); p-catenin, 1:200 (Bec-
ton Dickinson); 3-tubulin-III, 1:500 (Sigma); O4, 1:2 (Devel-
opment Studies Hybridoma Bank), or 1:100 (Chemicon);
GFAP, 1:400 (DAKO); GAD67, 1:2000 (Chemicon); Thbrl,
1:100 (a gift from Dr. Y1-Ping Hseuh). Secondary antibodies
(Alexa fluoro-conjugated, Molecular Probes) were used at
1:250, and incubated for 45 minutes at room temperature.
BrdU Incorporation

Cortical stem cells were co-cultured with endothelial cells
or cortical cells for 9 days. 10 ug/ml BrdU was added to the
wells for 24 hours and then washed out. The permeable mem-
brane inserts were removed and the underlying cortical cells

were cultured for 2 more days, then fixed. Cells were stained
tor -tubulin-III and BrdU (1:10, Becton-Dickinson).

Inhibition of Notch Activation

v-secretase mhibitor II (Calbiochem, 50 uM) in DMSO
was added to co-cultured cells after 4 days for 6 hours. The
same amount of DM SO was used as vehicle control. The cells
were then fixed and stained for P-tubulin III and double-
labelled for Nestin or -catenin, and the stained cells were
quantified.

RT-PCR

Total RNA was 1solated from E10.5 cortical cells co-cul-
tured with BPAE cells or cortical cells for 4 days using RNe-
asy Mim Kit (Qiagen) according to manufacturer’s mstruc-
tions. Analysis of gene expression was done using semi-
quantitative RT-PCR using SuperScript one-step RT-PCR
with Platinum Taq (Invitrogen). The following primers were
used:

Hes] —TCAACACGACACCGGACAAACC (SEQ ID NO.:

1) and
GGTACTTCCCCAACACGCTCGC (SEQ ID NO.:2);

Hes5—AAGTACCGTGGCGGTGGAGAT (SEQIDNO.:

3) and GAGTAACCCTCGCTGTAGTCC (SEQ ID NO.:

4) (5); GAPDH—ATGTTTGTGATGGGTGTGAA (SEQ

ID NO.:5) and
TGGGAGTTGCTGTTGAAGTC (SEQ ID NO.:6). PCR

conditions were 94° C. 15 seconds, 57° C. 30 seconds, 72°

C. 30 seconds; 24 cycles for Hesl and Hes3, 18 cycles for

GAPDH. RT-PCR gel band densities were calculated using,

ImageQuant soitware.

BrdU uptake reveals prolonged neurogenesis from neural
stem cells 1n endothelial versus control co-cultures.

Mouse cortical neurogenesis lasts about 7 days (from E11-
E18) and 1s followed by gliogenesis (23). E10 cortical stem
cells grown in FGF2 1n vitro behave similarly (19). In con-
trast, neurogenesis 1s prolonged 1n endothehal versus CTX
co-cultures, as shown by addition of BrdU at 9 days 1n vitro
(FIG. 7A): neurons continue to be generated from dividing
progenitors many days after tissue 1solation (rather than sim-
ply differentiating from progenitors that had divided earlier).

Endothelial factors sigmificantly enhanced self-renewal
and neurogenesis compared to other added soluble factors.

While retinoic acid, FBS and forskolin can stimulate neu-
ron production from some cell types (24-27), they actually
depressed neurogenesis from E10-E11 cortical stem cells
expanded 1n the presence of endothelial cells. Similarly,
Eb15.5 neurosphere cells plated 1n adherent condition pro-
duced significantly more neurons (22%) when exposed to
endothelial cell factors compared to serum or forskolin (FIG.
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2G). Growth on fibronectin had little effect on neurogenesis
(not shown), and the cortical progenitor cells did not grow

well on Matrigel (not shown), underscoring the significant
elfect of endothelial-derived factors.
The fact that no contact i1s required between cortical cells
and endothelial cells shows that soluble factors are respon-
sible, and similar results were observed using endothelial
cell-conditioned medium. Phase contrast photomicrographs
showing stem cells grown 1n control culture medium 1n con-
trast to those grown 1n endothelial cell-conditioned medium
and that have been stained for the progemitor marker, LeX
showed that conditioned medium from endothelial cells sup-
ports growth of flattened sheets of mouse neural stem cells
that retain expression of LeX (data not shown).

Endothelial cells secrete numerous bioactive substances. A

compilation (28) includes 26 factors that are known to affect
other cell types. Of these, we have tested PDGFE, CNTFE,

FGF2, TGF{3,IGF1, IL1, IL6, G-CSF, M-CSE, GM-CSF, LIF,
BDNF and Steel factor, and 1n addition EGF; none duplicated
the result we see from endothelial co-cultures (data not
shown). VEGEF, which can be secreted by growing endothelial
cells (29), and 1s expressed 1n developing and mature cerebral
cortex microvessels (30), and LIF have both been reported to
promote growth of neural progenitor cells (31-34). Neither
factor, alone or 1n combination, duplicated the effect of endot-
helial factors: LeX expression was 1ncreased 1n cortical stem
cell clones grown with 10 ng/ml LIF and VEGF for 11 days,
but after the growth factors were removed, stem cell clones
did not produce a significant number of neurons, instead
differentiating largely into astrocytes by 14 days. Hence, the
soluble factors responsible for the dramatic promotion of
stem cell self-renewal and neurogenesis are different endot-
helial cell-derived factors.
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SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 6

«<210> SEQ ID NO 1

<211> LENGTH: 22

«212> TYPE: DHNA

<213> ORGANISM: Artificial
«220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 1

tcaacacgac accggacaaa cc 22

<210> SEQ ID NO 2

«211> LENGTH: 22

«212> TYPE: DHNA

«213> ORGANISM: Artificial
<«220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: 2

ggtacttccce caacacgctce gc 22

«<210> SEQ ID NO 3

<211> LENGTH: 21

«<212> TYPE: DNA

<213> ORGANISM: Artificial
«220> FEATURE:

<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 3

aagtaccgtg gcggtggaga t 21

<210> SEQ ID NO 4

«<211> LENGTH: 21

«212> TYPE: DHNA

«213> ORGANISM: Artificial
<«220> FEATURE:

«<223> OTHER INFORMATION: Primer

<400> SEQUENCE: 4

gagtaaccct cgctgtagte c¢ 21

<210> SEQ ID NO b

«211> LENGTH: 20

«<212> TYPE: DNA

«213> ORGANISM: Artificial
«220> FEATURE:

<223> OTHER INFORMATION: primer

<400> SEQUENCE: b5

atgtttgtga tgggtgtgaa 20
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-continued

11
<210> SEQ ID NO o
<211> LENGTH: 20
<212> TYPE: DNA
<213> ORGANISM: Artificial
<«220> FEATURE:
<223> OTHER INFORMATION: primer

<400> SEQUENCE: 6

tgggagttgce tgttgaagtc

The mvention claimed 1s:

1. A method for obtaining an expanded population of neu-
ral stem cells from an original population of neural stem cells,
wherein the cells of the expanded population retain the devel-
opmental capacity of the original population, the method
comprising;

1) obtaining an original 1solated population of neural stem

cells; and

2) culturing said cells 1n a serum-iree medium 1n the pres-

ence of a trophic support selected from the group con-
sisting of:

a) vascular endothelial cells; and

b) conditioned media from a vascular endothelial cell cul-

ture, 1n an amount sufficient to stimulate self-renewal of
the neural stem cells, to obtain an expanded population
of neural stem cells that retain the developmental capac-
ity of the original population.

2. The method of claim 1 wherein the neural stem cells are
cultured non-contiguously with vascular endothelial cells.

3. The method of claim 1 wherein the neural stem cells are
grown 1n the presence of conditioned media from a vascular
endothelial cell culture.

4. The method of claim 1, wherein the neural stem cells are
obtained from embryonic neural tissue.

5. The method of claim 1 wherein the endothelial cells are
primary cells.

6. The method of claim 5 wherein the endothelial cells are
pulmonary artery endothelial cells.
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7. The method of claim 6, wherein the endothelial cells are
bovine.
8. The method of claim 1 wherein the endothelial cells are
a cell lne.
9. A method for enhancing neurogenesis comprising:
1) obtaining neural stem cells that can differentiate nto
neurons; and
2) culturing said cells in a serum-iree medium 1n the pres-
ence of a trophic support selected from the group con-
sisting of:
a) vascular endothelial cells; and
b) conditioned media from a vascular endothelial cell cul-
ture, 1n an amount sufficient to stimulate self-renewal of
the neural stem cells to obtain an expanded population of
neural stem cells wherein the neural stem cells retain the
ability to differentiate into neurons.
10. The method of claim 9 comprising a further step of
removing said trophic support, wherein said expanded
population of neural stem cells are allowed to differen-
tiate 1nto neurons.
11. The method of claim 9 wherein the neural stem cells are
cultured non-contiguously with vascular endothelial cells.
12. The method of claim 9 wherein the neural stem cells are
grown 1n the presence of conditioned media from a vascular
endothelial cell culture.
13. The method of claim 9 wherein said neural stem cells
differentiate into projection neurons.

% o *H % x
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